Bruton's tyrosine kinase phosphorylates Toll-like receptor 3 to initiate antiviral response Edited by Ruslan Medzhitov, Yale University School of Medicine, New Haven, CT, and approved March 5, 2012 (received for review November 23, 2011) Toll-like receptor 3 (TLR3) mediates antiviral response by recognizing double-stranded RNA. Its cytoplasmic domain is tyrosine phosphorylated upon ligand binding and initiates downstream signaling via the adapter TIR-containing adaptor inducing interferon-β (TRIF). However, the kinase responsible for TLR3 phosphorylation remains unknown. We show here that Bruton's tyrosine kinase (BTK)-deficient macrophages failed to secrete inflammatory cytokines and IFN-β upon TLR3 stimulation and were impaired in clearing intracellular dengue virus infection. Mutant mice were also less susceptible to D-galactosamine/p(I:C)-induced sepsis. In the absence of BTK, TLR3-induced phosphoinositide 3-kinase (PI3K), AKT and MAPK signaling and activation of NFκB, IRF3, and AP-1 transcription factors were all defective. We demonstrate that BTK directly phosphorylates TLR3 and in particular the critical Tyr759 residue. BTK point mutations that abrogate or led to constitutive kinase activity have opposite effects on TLR3 phosphorylation. Loss of BTK also compromises the formation of the downstream TRIF/receptor-interacting protein 1 (RIP1)/TBK1 complex. Thus, BTK plays a critical role in initiating TLR3 signaling.
innate immunity | Pattern Recognition Receptors | signal transduction T oll-like receptors (TLRs) recognize pathogen-associated molecular patterns and activate signaling pathways that induce the expression of host immune and inflammatory genes (1) . All TLRs contain extracellular leucine-rich domains for ligand recognition and a cytoplasmic Toll/IL-1R (TIR) domain for signaling. Most TLRs signal via the adapter myeloid differentiating factor 88 (MyD88) with the exception of TLR4, which also uses a few other adapters and TLR3, which uses solely TIRcontaining adaptor inducing interferon-β (TRIF) (2) . Hence, TLR3 provides a unique system to study innate signaling.
TLR3 is involved in antiviral response. Its engagement by viral double-stranded RNA (dsRNA) or the synthetic analog polyinsosinic: polyribocytidylic acid (p(I:C)) triggers the secretion of IFN-β and other inflammatory cytokines such as IL-6 and TNF-α. Mechanistically, TLR3 stimulation leads to the recruitment of TRIF and subsequent activation of the transcription factor IFN regulatory factor-3 (IRF3) (3) . The N-terminal of TRIF binds tumor necrosis factor receptor-associated factor 3 (TRAF3)-TANK-binding kinase 1 (TBK1) complex that leads to IRF3 phosphorylation, dimerization, and translocation to nucleus to induce IFN-β expression (4). The C-terminal of TRIF binds receptor-interacting protein 1 (RIP1) and induces the ubiquitination of RIP1 (5) . TLR3 signaling also activates ERK, JNK, p38 MAPKs, and phosphoinositide 3-kinase (PI3K) (6) . MAPKs activate the AP-1 family of transcription factors, which induces proinflammatory cytokine genes (7) . On the other hand, TLR3-induced PI3K signaling contributes to the full activation of IRF3 (8) . TRIF signaling leading to TNF-α production also acts in a feed-forward manner to further and fully activate NFκB signaling (9, 10) . Although the major signaling pathways associated with TLR3/TRIF activation have been well studied, how TLR3 signaling is initiated remains to be determined.
There are five tyrosine residues in the TIR domain of TLR3 and tyrosine phosphorylation of TLR3 is important for its signaling (11) . In particular, TLR3 phosphorylation at Tyr759 and Tyr858 is critical for the subsequent induction of NFκB, IRF3, and AP-1 (12) . Phosphorylation of Tyr759 is also important for PI3K recruitment and AKT activation, which is required for the full activation of IRF3 (8) . However, the protein tyrosine kinase responsible for TLR3 phosphorylation remains unknown and is of major interest in the field.
Bruton's tyrosine kinase (BTK), a member of the TEC family of cytoplasmic tyrosine kinases, plays a critical role in B-cell receptor signaling (13) . It contains N-terminal pleckstrin homology (PH), Tec-homology, and Src-homology (SH) 2 domains, a C-terminal SH3 domain, and multiple tyrosine residues. Mutations in BTK lead to X-linked agammaglobulinemia (XLA) in human and X-linked immunodeficiency in mice (14) . These diseases are characterized by defects in B-lymphopoiesis and impairment in humoral responses to T-cell-independent antigens (15) . XLA patients also suffer from recurrent bacterial and viral infections (16) , suggesting that BTK might play a role in innate immunity. In support of this hypothesis, several studies have shown BTK phosphorylation in certain TLR responses, e.g., TLR2 or -4 in human monocytes and macrophages (17, 18) and TLR2, -4, -7, and -8 in dendritic cells (19) . Our previous study also indicated a role for BTK in TLR9 signaling in B cells (20) . These TLRs signal predominantly via MyD88 (21) and these findings suggest that BTK is involved in MyD88-mediated signaling. Although BTK had been shown to associate with MyD88, Mal, and IRAK1 (22) and identified as the kinase that phosphorylated Mal (23) , its targets in most TLR responses are unknown. It is also not known whether BTK has a role in TLR3 signaling and whether BTK can phosphorylate any TLR.
In this study, we provide evidence for a critical role of BTK in TLR3 signaling. We show that BTK is phosphorylated upon TLR3 engagement and is required for the secretion of inflammatory cytokines and IFN-β in macrophages. More importantly, we demonstrate that BTK is a key signaling molecule that initiates TLR3-mediated antiviral response by phosphorylating the receptor.
Results
BTK Is Activated and Required for Cytokine Production in TLR3-Activated Macrophages. To assess whether BTK is involved in TLR3 signaling, we treated wild-type (WT) bone marrow-derived macrophages with naked p(I:C). Western blot analysis of cell lysates revealed that BTK was phosphorylated between 10 and 30 min after stimulation (Fig. 1A) , indicating that BTK is activated in macrophages upon p(I:C) treatment. We further demonstrate that naked p(I:C)-induced BTK activation is primarily mediated by TLR3, as the phosphorylation and activation of BTK is abolished in tlr3 −/− macrophages (Fig. 1B) . Given that BTK is phosphorylated upon p(I:C) stimulation, we wonder if the activation of BTK by p(I:C) simulation has any functional relevance for TLR3-induced responses. As a first measure, we examined the proliferation of WT and btk −/− splenocytes to treatment with various concentrations of p(I:C) and it was apparent that btk −/− splenocytes were defective in this response (Fig. S1 ). It is known that recognition of viral dsRNA by TLR3 leads to the synthesis and secretion of inflammatory cytokines (24) . We next analyzed whether BTK deficiency would affect cytokine production triggered by TLR3 engagement. As shown in Fig. 1C , naked p(I:C)-stimulated btk −/− macrophages had defective production of IL-6, IL-10, IL-12, and TNF-α, as measured by ELISA, compared with similarly treated WT cells. Again, we demonstrate that the defective induction of inflammatory cytokines in btk −/− macrophages by naked p(I:C) is via TLR3. As shown in Fig. S2 , real-time RT-PCR analyses indicated that the induction of cytokine genes was also defective in tlr3 −/− macrophages stimulated similarly with naked p(I:C) but not with transfected p(I:C), which is sensed by RIG-I/MDA5 in the cytosol (25) . We also rule out the possibility that defective cytokine production in btk −/− macrophages is due to altered expression of TLR3 or TRIF as WT and btk −/− macrophages express comparable levels of tlr3 and trif mRNA (Fig. S3) .
To investigate whether the in vitro observed cytokine defects in p(I:C)-stimulated btk −/− macropahges would translate to any effect in vivo, we used a septic shock model by injecting p(I:C) and D-galactosamine into WT and btk −/− mice. In this acute inflammation model, the presence of D-galactosamine sensitizes the mice to the toxicity of p(I:C) and susceptible mice usually died within hours due to exposure to TNF-α (26) . As expected, most WT mice (>90%) died within 10 h of p(I:C) injection (Fig.  1D ). In contrast, only 50% of the btk −/− mice succumbed to the lethal effect of this septic shock in the first 24 h and 40% of them survived beyond 120 h after challenge. Thus, BTK deficiency diminished the lethality of p(I:C)-induced septic shock and this was consistent with the reduced production of TNF-α and other inflammatory cytokines in p(I:C)-stimulated btk −/− macrophages. We also repeated the septic-shock experiment using tlr3 −/− mice alongside WT and btk −/− mice. The data indicated that tlr3 −/− and btk −/− mice behaved similarly and showed statistically equivalent resistance to p(I:C)-induced sepsis compared with WT mice (Fig. S4) . Collectively, the data indicated that BTK is required for TLR3-induced production of inflammatory cytokines.
BTK-Deficiency Affects TLR3-Induced Production of IFN-β and Compromises Clearance of Dengue Virus in Macrophages. Stimulation of macrophages through TLR3 also leads to the production of IFN-β, which is important for antiviral responses (27) . Real-time RT-PCR analyses indicated that the production of IFN-β was severely compromised in p(I:C)-stimulated btk −/− macrophages compared with WT control. Furthermore, the synthesis of the TRIF-dependent chemokine, Rantes, was also affected in the absence of BTK ( Fig. 2A ). Other than p(I:C), which engages TLR3, LPS, which stimulates TLR4 is also known to induce via TRIF the production of IFN-β in macrophages (28) . To further confirm that TRIF-dependent IFN-β production was compromised in the absence of BTK, we measured by ELISA the secretion of IFN-β from both p(I:C)-and LPS-stimulated WT and btk −/− macrophages. Indeed, our data showed that btk −/− macrophages had impaired IFN-β response when treated with these two stimuli (Fig. 2B) .
It is known that when transfected into cells, p(I:C) is sensed by cytosolic RIG-I/MDA5, which signals via the adapter IPS-1 for IFN-β production (25) . To confirm that defective IFN-β production seen in naked p(I:C)-treated btk −/− macrophages is through stimulation of TLR3 and not via cytosolic sensors, we examined ifn-b mRNA induction by naked p(I:C) stimulation in tlr3 −/− and ips1 −/− cells using real-time RT-PCR analyses. As shown in Fig.  2C , ifn-b mRNA was not induced in tlr3 −/− macrophages, which could not sense naked p(I:C). In contrast, ips1 −/− cells exhibit robust induction of ifn-b upon stimulation with naked p(I:C), and this is not surprising as they possess TLR3. This observation indicates that our manner of stimulating cells with naked p(I:C) is mediated primarily through TLR3 and not RIG-I/MDA5 pathways. We further show that the induction of ifn-b mRNA was comparable in WT and btk −/− macrophages when they were transfected with p(I:C), suggesting that BTK might not have a role in RIG-I/MDA5 signaling (Fig. 2D) , in contrast to its essential role in TLR3 pathway.
Type 1 IFNs is known to signal in an autocrine manner via IFN receptors and JAK-STAT signaling to induce more IFN production (29) and consistent with the diminished secretion of IFN-β by p(I:C)-stimulated btk −/− macrophages, the phosphorylation of STAT1, which is indicative of IFN autocrine signaling, was also attenuated (Fig. 2E) .
To test whether reduced production of IFN-β by TLR3-stimulated btk −/− macrophages would compromise antiviral responses, we infected WT and mutant cells with dengue viruses. The intracellular replication of dengue virus involves dsRNA intermediates and these are recognized by TLR3 (30) (31) (32) . As shown in Fig. 2F , semiquantitative RT-PCR analyses indicated that btk −/− macrophages were defective in the production of IFN-β upon dengue virus infection and concomitant with this defect, the replication of dengue virus, as measured by the presence of the negative strand viral RNA, was much more pronounced in mutant compared with WT cells. (The quantification of ifn-β and dengue virus negative strand RNA in infected WT and btk −/− cells using densitometry analyses is shown in Fig. S5 .) Thus, btk −/− macrophages showed defective IFN-β production to p(I:C) stimulation as well as dengue virus infection and failed to suppress intracellular dengue virus replication. We repeated the dengue virus infection experiment using WT and tlr3 −/− macrophages (Fig. S6 ) and showed that tlr3 −/− macrophages were also defective in IFN-β mRNA production and dengue virus clearance. These data together demonstrated the importance of BTK in TLR3 signaling.
BTK Is
The data above indicated that loss of BTK has profound effects on TLR3-induced responses. To unravel the role of BTK in TLR3 signaling, we examined the signaling pathways downstream of TLR3. A key pathway triggered as a consequence of TLR3 engagement is that of NFκB (33), which acts also as coactivator of IFN-β (34). NFκB transcription factors are sequestrated in the cytoplasm by inhibitory IκB subunit, which is phosphorylated and degraded upon activation. This allows NFκB to translocate into nucleus to bind promoters and activate gene expression (35) .
To investigate the activation of NFκB, we first used an electrophorectic mobility-shift assay (EMSA) using a consensus DNA probe and nuclear extracts from p(I:C)-stimulated WT and btk −/− macrophages. Data shown in Fig. 3A indicated that p(I:C)-induced NFκB activation was severely attenuated in btk −/− macrophages compared with WT control. The defect in NFκB activation in btk −/− macrophages was further confirmed by the lack of nuclear localization of the RelA, RelB, and cRel subunits (Fig. 3B) . Thus, BTK deficiency affects NFκB activation.
TLR3 engagement also activates the transcription factor IRF3, which leads to the induction of IFN-β gene transcription (36) . IRF-3 is activated by serine phosphorylation, which leads to its dimerization and nuclear translocation (37) to bind gene promoters bearing IFN stimulated response element (ISRE). To investigate the stage at which BTK deficiency impacted upon the induction of IFN-β, we first examined IRF3 binding to DNA elements bearing ISRE in TLR3-activated WT and btk −/− macrophages. EMSA conducted with nuclear extracts from these cells indicated that there was a lack of IRF3 binding to ISRE in the mutant cells (Fig. 3C) . Detailed studies further revealed that p(I:C)-induced IRF3 nuclear localization (Fig.  3D ) was defective in TLR3-stimulated btk −/− macrophages compared with WT controls. Interestingly, IRF3 activation as indicated by serine 396 phosphorylation (Fig. 3E) was also impaired in p(I:C)-stimulated btk −/− macrophages. Thus, BTK signaling is required for TLR3-induced activation of IRF3 and our data suggest that BTK affects IRF3 activation further upstream in the signaling cascade.
Next, we examined the activation of ERK, JNK, and p38 MAPK in p(I:C)-treated btk −/− macrophages. These signaling cascades are known to increase proinflammatory gene expressions (7) . As shown in Fig. 4A , p(I:C) stimulation of WT macrophages resulted in the activation of all three classes of MAPKs. In contrast, the activation of ERK and JNK was impaired, whereas the induction of p38 MAPK was reduced in p(I:C)-treated btk −/− macrophages. The defects in ERK and JNK signaling in TLR3-treated btk −/− macrophages was further confirmed by the lack of induction of AP-1 transcription factor as examined via EMSA (Fig. 3F) . These data indicate that BTK plays a role in TLR3-induced activation of MAPK and AP-1.
Previous studies have shown that TLR3 stimulation also activates PI3K/AKT signaling, which is induced independently of TRIF and important for the full phosphorylation and activation of IRF3 (8) . We found PI3K activation, as shown by phosphorylation of p85α regulatory subunit, to be attenuated in p(I:C)-stimulated btk −/− macrophages compared with WT control (Fig. 4B) . As a result, the activation of the downstream AKT kinase was also defective as shown by the lack of phosphorylation of its Ser473 and Thr308 residues in p(I:C)-treated btk −/− macrophages. Overall our data suggest that BTK plays a critical role in TLR3 signaling and is required for the activation of not only NFκB and IRF3 but also PI3K and MAPK signaling and hence account for the severe functional defects seen in p(I:C)-stimulated btk −/− macrophages and mice. BTK Phosphorylates TLR3. The severe phenotype of btk −/− mice and macrophages suggests that BTK might play a pivotal role in TLR3 signaling. It is currently accepted that TRIF is immediate downstream of TLR3 signaling but TRIF has not been shown to be phosphorylated (2) . Our attempts to determine whether TRIF is phosphorylated also did not yield any positive results (Fig. S7) . Further downstream of TRIF is the various MAPK, NFκB, and IRF3 signaling pathways (3). Thus, we wonder whether BTK would act very proximal to TLR3. It is known that the TIR domain of TLR3 contains tyrosine residues and that TLR3 is phosphorylated following p(I:C) stimulation. Furthermore, it has been shown that Tyr759 phosphorylation is critical for TLR3 signaling (11) . Thus, we checked whether TLR3 phosphorylation would be compromised in the absence of BTK. We used a specific antibody that recognizes phosphorylated Tyr759 of TLR3. We also used the general antiphosphotyrosine antibody 4G10 to detect whether other tyrosine residues of TLR3 are phosphorylated in the absence of BTK. As shown in Fig. 5A , Upper, TLR3 was phosphorylated at Tyr759 in p(I:C)-stimulated WT but not btk −/− macrophages. In addition, using 4G10 antibody, we showed that the phosphorylation of all tyrosine residues of TLR3 was impaired in the absence of BTK (Fig. 5A, Lower) . Thus, BTK is needed for TLR3 phosphorylation.
To further assess BTK's role in TLR3 phosphorylation, we transfected FLAG-tagged TLR3 together with HA-tagged BTK into HEK293T cells and examined the phosphorylation of the ectopically expressed TLR3. As shown in Fig. 5B , FLAG-tagged TLR3 was phosphorylated (Left, lanes 2 and 4) and in particular, at Tyr759 residue (Right, lanes 2 and 4) with or without p(I:C) stimulation when it was coexpressed with BTK but not with another tyrosine kinase, Lyn. This finding suggested that the presence of BTK leads specifically to TLR3 phosphorylation.
Because BTK is a multidomain protein and could act as an adapter in addition to a kinase, it remained to be seen whether BTK directly phosphorylates TLR3 or acts as a bridge to recruit another kinase to phosphorylate TLR3. To examine this question, we deleted its kinase domain (kinase Δ) or introduced point mutations that abolished (K430R) or leads to constitutive (E41K) kinase activity and coexpressed these mutants in HEK293T cells with FLAG-tagged TLR3. As shown in Fig. 5C , TLR3 phosphorylation, as indicated by 4G10 staining, was absent in the presence of the kinase-deleted or dead BTK (lanes 3 and 4) and enhanced in the presence of constitutively active BTK (lane 5). Taken together, these data indicated that BTK did not act as an adapter to recruit another kinase but acts specifically and directly to phosphorylate TLR3.
TLR3-Induced Formation of TRIF/RIP1 and TRIF/TBK1 Complex Is
Impaired in the Absence of BTK. Our findings above indicate that BTK phosphorylation of TLR3 could be the initiating event in TLR3 signal transduction. It is well established that TRIF is immediately downstream of TLR3 (38) and that RIP1 (5) and TBK-1 (39) are recruited to TRIF upon induction of TLR3 signaling. Hence, we asked whether the recruitment of RIP1 and TBK1 to TRIF would be affected in the absence of BTK. Because of the nonavailability of a good anti-TRIF antibody for coimmunoprecipitation (COIP) studies, we could use only anti-RIP1 and anti-TBK1 antibodies for this purpose. We stimulated wild-type and btk −/− macrophages with p(I:C) and subjected the cell lysates to COIP with anti-RIP1 or anti-TBK1 antibodies. Our data indicated that there was increased COIP of TRIF with RIP1 and cell lysates were probed for PI3K activation using antiphospho-p85α antibody and for AKT activation using antiphospho-AKT(Serine 473) and antiphospho-AKT(Threonine308) specific antibodies. The anti-p85α and anti-AKT blots served as loading controls.
( Fig. 6A ) and with TBK1 ( Fig. 6B ) in WT macrophages upon TLR3 activation but the associations of these molecules were not apparent in btk −/− macrophages. This finding suggests that BTK acts upstream and is essential for the induced recruitment of RIP1 and TBK1 to TRIF following TLR3 phosphorylation.
Discussion
We show in this study that BTK plays a critical role in TLR3 signaling. We demonstrate that BTK is phosphorylated upon TLR3 engagement and its deficiency impaired the secretion of proinflammatory cytokines and IFN-β in naked p(I:C)-treated macrophages. As a result of reduced cytokine production, btk −/− mice were also resistant to D-galactosamine/p(I:C)-induced septic shock (40) . These observations suggest that BTK could be part of the TLR3 signaling pathway.
Engagement of TLR3 triggers the induction of multiple signaling pathways that culminate in the activation of NFκB, AP-1, and IRF3, which are critical for the production of cytokines and interferons (34) . At the biochemical level, our data indicated that BTK deficiency affects TLR3 induction of these transcription factors and led us to hypothesize that BTK could act at the level of TRIF signaling. However, TRIF has not been shown to be tyrosine phosphorylated upon TLR3 engagement. Also, BTK deficiency impacts upon TLR3-induced activation of PI3K/AKT, which was shown to be independent of TRIF (8) . Taking these observations into consideration, the data suggest that BTK either acts very upstream or participates in various branches of TLR3 signaling. Our systematic analyses suggest that BTK probably acts very upstream in TLR3/TRIF signaling and its deficiency simultaneously cripples, from the start, multiple branches of TLR3 signal transduction.
Our pursuit of the role of BTK in TLR3 signaling was aided by earlier findings that TLR3 harbored five tyrosine residues in its TIR domain and was phosphorylated upon ligand engagement (8) . We show that tyrosine phosphorylation of the TIR domain of TLR3 and in particular Tyr759 is impaired in the absence of BTK. The phosphorylation of the Tyr759 and Tyr858 residues is thought to initiate TLR3 signaling and critical for the activation of AKT and NFκB, respectively (8, 12) . Our experiments involving overexpression studies in a heterologous system further indicate that BTK directly phosphorylates TLR3 because point mutations that crippled BTK activity could not result in TLR3 phosphorylation.
Previously, c-Src was shown to be induced by dsRNA and leads to IRF-3 activation (41). However, our data indicate that Lyn, a Src family member, could not directly phosphorylate TLR3. Indeed, cSrc was shown to associate with TRAF3 (42) and this association occurred further downstream in TLR3 signaling. Taken together, our findings represent an important advance in understanding TLR3 signaling and definitively demonstrate BTK as the tyrosine kinase important for phosphorylating TLR3.
Materials and Methods
Mice, Cells, and Plasmids. Wild-type C57BL/6 and btk −/− mice were obtained from The Jackson Laboratory and bred in our facilities. tlr3 −/− mice, ips1
MEFs were kindly provided by Osamu Takeuchi and Shizuo Akira (Osaka University, Osaka, Japan). Experiments with mice were performed according to guidelines from the National Advisory Committee on Laboratory Animal Research. Macrophages were differentiated from bone marrow as described (43) . HEK293 cells were transfected with various recombinant vectors encoding TLR3, TRIF, LYN, BTK, and various BTK mutants with HA or FLAG tag using Lipofectamine 2000 (Invitrogen). Cells were stimulated with LPS 0111:B4 (Sigma) or poly(I:C) (InvivoGen).
Statistics. Statistical analysis was performed using an unpaired t test (Prism; GraphPad Software). P values of <0.05 were considered significant and marked with an asterisk. Survival curves (Kaplan-Meyer plots) were compared using a log-rank test. Final mortality rates were compared with χ 2 test. Detailed methods are provided in SI Text.
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